Objective The effects of partial pressure of arterial oxygen (PaO2) after introducing long-term noninvasive ventilation (NIV) on the prognosis of patients with restrictive thoracic disease and chronic respiratory failure are not exactly known. Methods Data from 141 patients with restrictive thoracic disease under long-term nocturnal NIV were retrospectively examined. We divided the patients into 2 groups according to the daytime PaO2 value while breathing spontaneously with prescribed oxygen at 12 months after introducing NIV: PaO2! 80 Torr group (n= 76) and PaO2<80 Torr group (n=65). Results During the 4-year follow-up, the mortality was significantly higher in the PaO2<80 Torr group than in the PaO2! 80 Torr group (50.8% vs. 32.9%, p=0.03). Independent factors associated with the 4-year mortality after introducing NIV determined by a multivariate logistic regression analysis were a low body mass index [odds ratio (OR) 0.87; 95% confidence interval (CI) 0.77 to 0.97; p=0.01], assisted mode with NIV (OR 4.11; 95% CI, 1.79 to 9.45; p=0.0009), hospitalization during the first year of introducing NIV (OR 1.72; 95% CI, 1.06 to 2.79; p=0.03), and daytime PaO2<80 Torr at 12 months after introducing NIV (OR 2.30; 95% CI, 1.03 to 5.10; p=0.04). Conclusion A low daytime PaO2 at 12 months after introducing NIV was an independent risk factor for mortality. Keeping the daytime PaO2! 80 Torr through the adjustment of the nocturnal NIV settings or increased diurnal supplemental oxygen may help improve the prognosis in patients with restrictive thoracic disease who are under NIV.
Introduction
Noninvasive ventilation (NIV) is widely accepted as a treatment option for patients with chronic respiratory failure arising from restrictive thoracic disease (1) (2) (3) . NIV has been shown to improve the exercise capacity, sleep quality, health-related quality of life, and long-term survival in patients with chronic respiratory failure due to restrictive thoracic disease (4) (5) (6) (7) (8) . Improvement in gas exchange in patients after the application of NIV is an important factor that is closely related to the prognosis. Failure to improve the daytime partial pressure of arterial oxygen (PaO2) after introducing NIV was reported to be a prognostic predictor in patients with acute hypoxic respiratory failure (9, 10) . However, an association between prognosis and the daytime PaO2 value after introducing long-term NIV in patients with chronic respiratory fail-ure due to restrictive thoracic disease has never been reported. In most such patients, oxygen was provided while the patient breathed spontaneously during daytime and/or while receiving NIV at night to correct hypoxemia (8, 11) . Nevertheless, there are no specific recommendations about the optimum levels of daytime PaO2 during spontaneous breathing with or without prescribed oxygen in patients with chronic hypercapnic respiratory failure.
In the present study, we examined the prognostic value of the daytime PaO2 in patients with chronic respiratory failure due to restrictive thoracic disease who were receiving longterm nocturnal NIV.
Materials and Methods

Patients
All patients who had started NIV due to chronic respiratory failure with hypercapnia at six hospitals affiliated with Kyoto University Hospital and the National Tokyo Hospital from June 1990 to August 2007 were included in this retrospective study. Of the 182 patients who subsequently received NIV, 41 were excluded from the analysis because the daytime arterial blood gases (ABGs) at 12 months after the introduction of NIV were not measured; thus, data were analyzed for the remaining 141 patients. The cause of chronic respiratory failure was post-tuberculosis (n=130) or kyphoscoliosis (n=11). The introduction of NIV was either urgent for acute exacerbation of chronic respiratory failure or scheduled. Patients with other causes of chronic respiratory failure, such as neuromuscular disorders, obesity hypoventilation syndrome, bronchiectasis or chronic obstructive pulmonary disease, were excluded. The patients were followed until November 2011. This study was approved by the Ethics Committee of Kyoto University, and informed consent was obtained.
Criteria for introducing long-term NIV
The criteria for introducing scheduled NIV were based on clinical symptoms due to hypercapnia, such as morning headache with persistent hypercapnia during the day, the partial pressure of arterial carbon dioxide (PaCO2 >45 Torr), severe daytime hypercapnia (PaCO2 >60 Torr) or recurrent hospitalization due to acute exacerbation following hypercapnia. For patients who received NIV urgently for acute exacerbation of chronic respiratory failure, the need to continue NIV was considered after the patients had fully recovered from their acute exacerbation. The criteria for continuing NIV after acute exacerbation of chronic respiratory failure were daytime PaCO2 >60 Torr under spontaneous breathing and recurrence of symptoms resulting from hypercapnia a few days after discontinuation of NIV.
Measurements
Patients were divided into 2 groups according to the daytime PaO2 value at 12 months after the introduction of NIV: PaO2! 80 Torr group (n=76) and PaO2<80 Torr group (n=65).
Data were examined for the gender, age, body mass index (BMI), underlying disease, vital capacity (percentage of predicted), forced expiratory volume in 1 second over forced vital capacity (FEV1/FVC), status of introduction of NIV (urgent or scheduled), duration of long-term oxygen therapy (LTOT) before the introduction of NIV, amount of oxygen during spontaneous breathing, use of oxygen therapy during spontaneous breathing, type of ventilator used (pressure preset or volume preset), ventilator mode (assisted mode or pure controlled mode) and ventilator settings, such as the inspiratory positive airway pressure (IPAP), expiratory positive airway pressure (EPAP), tidal volume, respiratory rate and amount of oxygen provided during NIV at the introduction of NIV. The annual number of hospitalizations due to respiratory deterioration (acute bronchitis, pneumonia, spontaneous pneumothorax, chronic disease progression, etc.) beginning from one year before to four years after the start of NIV and mortality in the four years after the introduction of NIV were also examined.
Daytime ABGs were measured every 6 months until 48 months after the introduction of NIV. Such measurements were made with the patient in the supine position breathing room air or prescribed oxygen without NIV support. ABGs were measured in patients who were in a stable condition without exacerbation, except for those obtained at the start of NIV from patients who had begun urgent NIV.
Clinical protocol for introducing long-term NIV
At the start of NIV, volume preset ventilators and pressure preset ventilators using bilevel PAP devices were used with nasal masks (8, 12, 13) . Both an assisted mode and a pure controlled mode were regularly used for all patients who were introduced to NIV, with the patients choosing the mode with which they felt more comfortable. The IPAP or tidal volume was progressively increased until PaCO2 <60 Torr was reached. The EPAP was set as low as possible for easy expiration, while in patients with concomitant obstructive ventilatory disorders of pulmonary function and/or upper airway obstruction, the EPAP was increased to improve inspiratory triggering. On assisted ventilation, a backup respiratory rate was set approximately 4 to 5 breaths below the spontaneous breathing rate without NIV, while the respiratory rate on pure controlled ventilation was set slightly higher than the rate of a patient's own spontaneous breathing in order to suppress respiratory effort. Supplemental oxygen was added to NIV to maintain the arterial oxygen saturation (SaO2) above 90% during nocturnal NIV. During the day, the flow rate for oxygen therapy was determined by the bedside clinician. The details concerning the procedure for introducing NIV have been described elsewhere (8, 12) .
Statistical analyses
Data were analyzed using the JMP software program, ver. 9.0 (SAS Institute, Cary, USA), and the values are expressed as the mean ± SD or in absolute numbers and percentages in each group. We compared the association between the patient characteristics, overall outcome, and the value of daytime PaO2 at 12 months after introducing NIV (PaO2! 80 Torr group or PaO2<80 Torr group). Continuous variables were tested by the unpaired t-test or Mann-Whitney U test. Categorical variables were compared using the χ 2 test or the Fisher's exact test. Time trends in continuous variables were compared using a repeated measures analysis of variance. A p value <0.05 was considered to indicate statistical significance. Next, we investigated the associations between the patient characteristics, overall outcome, and 4-year mortality. Possible predictors of the 4-year mortality were tested by univariate and multivariate logistic regression analyses. In the logistic regression analysis of the 4-year mortality, the variables entered into the multivariate analysis were those yielding a p value <0.05 in the univariate analysis; p values <0.05 in the multivariate analysis were considered to indicate statistical significance.
Results
Patient characteristics
In this study, all patients received NIV only nocturnally. During spontaneous breathing without NIV, 128 patients (90.8%) received oxygen therapy. The characteristics of the 141 NIV patients are summarized in Table 1 . Sixty-four (45.4%) of the 141 patients had been introduced to NIV urgently because of acute exacerbation of chronic respiratory failure. NIV was started in 124 patients (87.9%) with a pressure preset ventilator. There were no significant differences between the PaO2! 80 Torr and PaO2<80 Torr groups in the age, BMI, underlying disease, pulmonary function, annual hospitalization rate before NIV or NIV settings (Table 1) . However, the use of oxygen therapy during spontaneous breathing without NIV was more frequent in the PaO2! 80 Torr group than in the PaO2<80 Torr group (p=0.006).
Change in ABGs before and after NIV
Before the introduction of NIV, the daytime PaO2 values were significantly higher in the PaO2! 80 Torr group than in the PaO2<80 Torr group (p=0.0004) (Fig. 1) , while the pH (p=0.69) and PaCO2 (p=0.15) were not significantly different between the two groups (Table 1, Fig. 2) .
In both the PaO2! 80 Torr and PaO2<80 Torr groups, the daytime PaO2 values at 12 months after the introduction of NIV were significantly greater than those before the introduction of NIV. The improvement in the daytime PaO2 after 12 months of NIV was greater in the PaO2! 80 Torr group than in the PaO2<80 Torr group (p<0.0001) (Fig. 1) . In addition, the daytime PaO2 values were consistently higher in the PaO2! 80 Torr group than in the PaO2<80 Torr group during the 4 years after the introduction of NIV (Fig. 1) .
The daytime PaCO2 values after 12 months of NIV were significantly lower than those before the introduction of NIV in both groups (Fig. 2) . In contrast, there were no significant differences between the two groups in the daytime PaCO2 levels (p=0.43) at 12 months after the introduction of NIV (Table 2 ). In addition, the differences in the daytime PaCO2 values were not significant during the four years after the introduction of NIV (Fig. 2) .
Overall outcome
After the long-term use of NIV, 13 patients switched to long-term tracheostomy positive pressure ventilation (TPPV). In the 4-year follow-up period after the introduction of NIV, 58 patients died, 2 started receiving TPPV, and 81 continued the use of NIV.
After the introduction of NIV, the annual hospitalization rate due to respiratory deterioration decreased significantly in both groups (Fig. 3) . There was no significant difference between the two groups in the annual hospitalization rate during the first year of NIV (p=0.70) ( Table 2 , Fig. 3 ).
Twenty-five (32.9%) of the 76 patients in the PaO2! 80 Torr group died, while 33 (50.8%) of the 65 patients in the PaO2<80 Torr group died (p=0.03). The survival curve shows that the patients in the daytime PaO2<80 Torr group had a significantly poorer prognosis than those in the PaO2! 80 Torr group (Fig. 4) . In addition, the 4-year mortality due to respiratory failure was significantly higher in the PaO2<80 Torr group than in the PaO2! 80 Torr group (p=0.01) (Table 2).
Regarding the observation period, there were no significant differences between the PaO2! 80 Torr group and PaO2< 
A logistic regression analysis of the 4-year mortality after the introduction of NIV
Among the 26 factors evaluated (those listed in Tables 1  and 2 and PaO2<80 Torr after 12 months of NIV), the univariate analysis showed that 5 factors had a significant association with the 4-year mortality after introducing NIV (Table 3). Among the variables that had very strong co-linearity (r>0.70) with each other, such as the daytime PaO2 after 12 months of NIV, and daytime PaO2<80 Torr after 12 months of NIV, one was selected.
In the multivariate forward logistic analysis of factors related to the 4-year mortality after introducing NIV, a low BMI [odds ratio (OR) 0.87; 95% confidence interval (CI) 0.77 to 0.97; p=0.01], ventilator mode of NIV (assisted mode) (OR 4.11; 95% CI, 1.79 to 9.45; p=0.0009), increased annual hospitalization rate during the first year after introducing NIV (OR 1.72; 95% CI, 1.06 to 2.79; p=0.03) and daytime PaO2<80 Torr after 12 months of NIV (OR 2.30; 95% CI, 1.03 to 5.10; p=0.04) were found to be significant risk factors for the 4-year mortality after the introduction of NIV (Table 4) . On substituting the daytime PaO2 after 12 months of NIV for daytime PaO2<80 Torr after 12 months of NIV, a low BMI, assisted mode in NIV, a high annual hospitalization rate and a low PaO2 value after 12 months of NIV remained significant risk factors for the 4-year mortality after the introduction of NIV (Table 4) .
Discussion
Although the data were retrospective, this long-term NIV study of patients with restrictive thoracic disease showed that patients with daytime PaO2<80 Torr at 12 months after the introduction of NIV had a significantly higher mortality rate than those with daytime PaO2! 80 Torr. In addition, our study revealed the following significant factors to be predictive of the 4-year mortality following NIV: a low BMI, assisted mode in NIV, a high annual hospitalization rate during the first year after the introduction of NIV and daytime PaO2<80 Torr after 12 months of NIV or low PaO2 value after 12 months of NIV. These results suggest that the daytime PaO2 value after 12 months of NIV may be a useful marker for predicting the prognosis in patients with restrictive thoracic disease who are receiving long-term NIV therapy.
In addition to a low BMI (14) , the assisted mode in NIV (8) and a high annual hospitalization rate (15) , which were all shown to have a negative impact on the prognosis in patients with chronic respiratory failure, a daytime PaO2< 80 Torr after 12 months of NIV was an independent risk factor for the 4-year mortality after introducing NIV. Both a low BMI (indicating malnutrition) and hospital admissions due to respiratory deterioration reflect severe illness. It has been assumed that a controlled mode achieves passive ventilation, leading to better unloading of respiratory muscles so that improvement in respiratory muscle strength can thus be achieved (8) . In addition, keeping the daytime PaO2 high helps prevents severe hypoxia on effort and reduces the cardiac load. In previous reports, it was shown that a relatively low PaCO2 value a few months after initiating NIV was a good prognostic factor for hospitalization due to respiratory deterioration and for mortality in patients with chronic restrictive ventilatory failure (12, 16, 17) . However, using ABG data obtained over a longer period of time after the introduction of NIV in the present study, we found that the PaO2 rather than the PaCO2 after 12 months of NIV was an independent prognostic factor for mortality. The loss of predictability with PaCO2 after a year of NIV can be attributed to the fact that many patients with a high PaCO2 after a few months of NIV die within a year (12) . Long-term oxygen therapy reportedly did not provide any benefit with respect to the time until death or until the first hospitalization in patients with stable chronic obstructive pulmonary disease and moderate desaturation (18). In contrast, there have been no specific recommendations regarding the prescription of oxygen for patients receiving NIV due to restrictive ventilatory failure. In the present study, the proportion of those using oxygen therapy during spontaneous breathing without NIV was significantly lower in the PaO2<80 Torr group than in the PaO2 ! 80 Torr group. Generally, as with our study, many clinicians prescribe a small amount of oxygen for LTOT or NIV therapy because an extremely high PaO2 can generate potentially detrimental effects, including CO2 retention, which is mediated by mechanisms such as hypoventilation, ventilation/perfusion redistribution or the Haldane effect. However, the present study found no significant differences between the two groups in the annual hospitalization rate due to respiratory deterioration, including CO2 retention, from the first to the fourth year of NIV. Based on these results, keeping the daytime PaO2! 80 Torr by increasing the amount of oxygen is unlikely to cause CO2 retention and should be considered as a therapeutic option that may help improve the prognosis in patients with chronic restrictive ventilatory failure who are receiving nocturnal NIV.
Both PaO2 values before the introduction of NIV and those after 12 months of NIV were significantly lower in the PaO2<80 Torr group than in the PaO2! 80 Torr group in this study. In detail, the PaO2 values after 12 months of NIV in the PaO2! 80 Torr group were quite high at 100.6±15.7 Torr. Patients with chronic respiratory failure are often complicated with pulmonary hypertension, which is likely the result of a number of factors, including pulmonary vasoconstriction caused by alveolar hypoxia (19) , acidemia (19) , hypercapnia (20) , distortion of pulmonary vessels by parenchymal changes, and increased cardiac output and blood viscosity from polycythemia secondary to hypoxia. Pulmonary hypertension itself causes hypoxia through ventilation/perfusion inequality, a shunt and a low mixed venous PaO2 through a low cardiac output, so patients with both chronic respiratory failure and pulmonary hypertension may have more severe hypoxia than those without pulmonary hypertension. Although this study did not investigate the presence of pulmonary hypertension in these patient groups, there is a possibility that the PaO2<80 Torr patients had a significantly higher rate of pulmonary hypertension than those in the PaO2! 80 Torr group, which would lead to severe hypoxia. In addition, the presence of pulmonary hypertension might have influenced the improvement of the PaO2 values after NIV.
Several limitations associated with the present study warrant mention. First, it had a retrospective design. However, the large number of cases included in our analysis was probably sufficient to minimize the impact of this limitation. Second, the criteria used for NIV initiation in this study were different from the current guidelines in patients with restrictive thoracic disease. Third, the study period was relatively long. Therefore, improvements in general care, including the management of co-morbidities, fluids and antibiotics, might have influenced the outcome in this study, such as that related to the 4-year mortality following NIV. Fourth, our study was a multi-center study, leading to the possibility that the prognosis of the patients studied was influenced by differences in oxygen administration and NIV setting among institutions or clinicians. Fifth, there were no significant differences between the two groups in mortality throughout the entire observation period. These results suggest that the daytime PaO2 value after 12 months of NIV may not be useful for predicting the prognosis in a longer-term observation period. A multi-center randomized controlled study following up on the results of the present experience would be useful for addressing these limitations.
Conclusion
In conclusion, we demonstrated that a daytime PaO2<80 Torr following 12 months of NIV was a significant predictor of the 4-year mortality after the introduction of NIV. There were no significant differences in the frequency of CO2 retention between the PaO2! 80 Torr group and the PaO2<80 Torr group. Although a randomized controlled trial is needed, keeping the daytime PaO2! 80 Torr by increasing the amount of oxygen may help improve the prognosis of restrictive thoracic disease patients who receive NIV.
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